One of the main aims within the field of advanced prosthetics is the development of artificial limbs that can be fully incorporated into the user\'s body representation and consequently experienced as if they were real limbs. Two crucial criteria such prosthetic limbs would ideally have to fulfill are to enable the execution of fine voluntary motor commands and to provide the user with detailed sensory feedback. To date, the most significant advances have been made in terms of enabling motor control via direct cortical recordings (e.g., [@R38]; [@R46]; [@R51]), and in clinical practice, the devices most used for this purpose are myoelectric prostheses ([@R28]; [@R47]). These involve the use of electromyography (EMG) recordings from the stump to control simple movements of the prosthesis, for example, flexion and extension of the elbow or opening and closing of the hand. However, even for these basic movements, the user needs extensive training to achieve a satisfactory level of control of the prosthesis. This could be rooted in the lack of somatosensory feedback, which is crucial for the optimization of motor control and learning ([@R53]; [@R54]). Increasing research over the past decade has therefore been aimed at developing methods to provide new somatosensation. These include targeted reinnervation ([@R31]), sensory substitution (whereby signals from the prosthesis are used to activate a sensory substitution device that the user learns to interpret as a sensory signal related to the prosthesis) ([@R30]; [@R34]), as well as direct simulation of afferent fibers in the arm, the spinal cord, or actual neurons in the somatosensory cortex ([@R27]). The main purpose of these technically highly advanced studies is to promote sensorimotor feedback loops that optimize the usability of prosthetic devices. In fact, in a normal hand, detailed sensory feedback is a prerequisite for the precise regulation of muscle force and the fine manipulation of finger position that enable precise grasping movements ([@R29]).

The sensory feedback from our limbs is, however, not only relevant for optimal motor control and learning; but is also an essential aspect of what is referred to as a feeling of body ownership, or the sensation that our limbs are actually part of our body ([@R14]; [@R21]; [@R50]). A well-known experimental paradigm highlighting this fact is the so-called rubber hand illusion (RHI), first described by ([@R6]). In short, it demonstrates how being stroked on ones unseen hand while viewing synchronous strokes applied to an aligned visible rubber hand can evoke the illusion that the sensation of touch originates from the rubber hand, and consequently that the rubber hand is a part of one\'s own body. Since its first description, numerous behavioral studies with healthy participants have explored the processes underlying the RHI in more detail. Crucial experimental criteria for the illusion to arise include that the tactile stimulation of the real hand and the visually perceived stimulation of the rubber hand occur in temporal and spatial synchrony, that the rubber hand is in a plausible anatomical orientation with respect to the real body, and that the rubber hand has a sufficient degree of shape resemblance with that of a real hand ([@R17]; [@R40]; [@R48]; [@R49]). In addition to these behavioral studies, functional magnetic resonance imaging (fMRI) investigations have shed light on the neural correlates of the RHI ([@R3]; [@R17]). In healthy individuals, the RHI seems to be mainly driven by the activity of multisensory areas in premotor and intraparietal areas, with the former being particularly relevant for the self-attribution aspect of the illusion. In addition, cerebellar activity seems to play an important role in the recalibration process, possibly reflecting the shift of the perceived position of one\'s own hand toward the location of the rubber hand ([@R17]).

The fact that healthy individuals can be tricked into experiencing an artificial hand as being their own, raises the intriguing question of whether the same could be achieved with amputees who have lost their real hand. In a behavioral study with 18 upper limb amputees, Ehrsson and colleagues ([@R16]) demonstrated that this is in fact the case. Just as in the studies with healthy individuals, following simultaneous stroking of the amputees' stump and the finger of a rubber hand, the participants reported sensations of touch from the artificial hand. Albeit the strengths of the illusion varied across individual amputees, on a group level, the effect was supported by subjective reports in the form of questionnaires, objective behavioral data in the form of proprioceptive drift, and physiological evidence in the form of skin conductance responses to threats applied to the artificial hand. In a subsequent study, Rosén and colleagues ([@R43]) built on these findings by demonstrating that illusory referral of touch can also be elicited for an advanced hand prosthesis with a robotic-like appearance. And more recently, Marasco and colleagues ([@R35]) have shown how a similar approach can also be extended to upper limb amputees with surgically redirected nerves. These findings are of particular clinical relevance, as they show the possibility of eliciting conscious tactile feedback from prosthetic limbs in a relatively simple and non-invasive way. What remains unknown however, are the neural correlates of these illusory sensations in amputees. Is the RHI in amputees supported by the same neural network as in healthy participants? In the current study, we addressed this question in an fMRI investigation with two upper limb amputees involving the RHI. We hypothesized that, as in healthy participants, the illusory ownership of an artificial hand would be reflected by activation in multisensory regions of premotor and intraparietal areas. In addition, we hypothesized there to be an involvement of the cerebellum which has been previously found to be activated during the rubber hand illusion ([@R15]; [@R17]), and which is more generally known to be associated with the processing of proprioceptive signals from the limb as well as visually based recalibration of limb position ([@R26]; [@R37]). Exploring the neural correlates of the RHI in amputees is of both theoretical and clinical relevance. From a theoretical point of view, it allows to explore the brain activity underlying limb ownership in the light of supposed previous cortical reorganization due to the amputation. From a clinical perspective, it allows to explore the neural validity of a non-invasive approach aimed at providing sensory feedback from a prosthetic hand.

MATERIALS AND METHODS {#s1}
=====================

Participants {#s2}
------------

Two upper limb amputees (TA and LO), recruited through the Arm Prosthesis Unit of Red Cross Hospital, Stockholm, Sweden, participated in this study. They were selected from a group of eight amputees who had participated in a previous study conducted in our Lab ([@R45]) on the basis of having a strong response to the RHI and MR compatibility (i.e., absence of metal in their body). Both participants had lost their limb due to a traumatic accident, and neither of them had any significant medical history apart from the amputation. More details of both participants are provided in [Table 1](#T1){ref-type="table"}. The study was approved by the Regional Ethics Review Board of Stockholm, and informed written consent was obtained from both the participants.

###### 

Participants. Details of participants TA and LO

  Participant   Gender   Age   Time since amputation   Side of amputation   Stump length from elbow   Phantom hand   Telescoping   Phantom pain
  ------------- -------- ----- ----------------------- -------------------- ------------------------- -------------- ------------- --------------
  TA            F        38    5 years                 Right                15 cm                     Yes            Yes           Yes
  LO            M        53    36 years                Left                 24 cm                     Yes            Yes           No

fMRI data acquisition {#s3}
---------------------

fMRI data acquisition was performed at Karolinska University Hospital Huddinge, Stockholm, Sweden, with a Siemens TIM Trio 3T scanner equipped with a 12-channel head coil. Functional scans were obtained using a T2- weighted gradient-echo echo-planar (EPI) sequence and blood oxygenation level-dependent (BOLD) contrast as an index of brain activity ([@R33]). The scanning parameters were as follows: Slices: 47; Resolution: 3 &times; 3 &times; 3 mm; Interslice gap: 0.1 mm; Orientation: Near axial (parallel to the anterior--posterior commissure); TR: 3000 ms. These parameters ensured that the whole brain was within the field of view (FOV: 58&times;76 mm, In-plane resolution; 3&times;3 mm; TE: 40 ms). For each participant, a total of 705 volumes were acquired (235 volumes for each of the three experimental runs---see details below). To facilitate anatomical localization of statistically significant activations, following the functional fMRI experiment, a high-resolution structural image was acquired for each participant using a three-dimensional magnetization-prepared rapid gradient-echo (3D-MPRAGE) sequence with the following parameters: Slices: 176; Resolution: 1 &times; 1 &times; 1 mm; TR: 1900 ms; FOV: 250 &times;250 mm; TE: 2.27 ms; Flip angle: 9&deg;. The delivery of instructions to the participants and the experimenter during the fMRI experiment, as well as the recording of the participants' responses, was monitored with presentation software (Neurobehavioral Systems, Albany, CA; <http://www.neurobs.com/>).

Data analysis {#s4}
-------------

Both functional and anatomical scans were converted with MRIConvert ([http://s.edu/≃jolinda/MRIConvert/](http://lcni.uoregon.edu/≃jolinda/MRIConvert/)). Processing and data analysis were performed with SPM 8 (Wellcome Department of Imaging Neuroscience; <http://www.fil.ion.ucl.ac.uk/spm/>). Before performing the statistical analyses, the images were preprocessed following the standard steps (reorientation, slice timing correction, motion correction, coregistration, segmentation, normalization, and smoothing) and default parameters of SPM 8. Details of the statistical analyses are provided in the Results section below.

Experimental setup {#s5}
------------------

For the current experiment, we used an adapted version of the RHI ([@R6]). We performed the RHI with the participants on two occasions, once for a behavioral screening, and once within the fMRI setting for the conduction of the actual imaging experiment. The setup for the behavioral screening was based on that described in a previous RHI study with amputees ([@R16]), and the setup for the fMRI experiment was adapted from that of a previous RHI study with healthy participants ([@R17]). In both the behavioral and fMRI setup, the induction of the RHI illusion was obtained through simultaneous visuotactile stimulation applied to the participants' stump which was out of view, and an artificial hand which was in full view (details of both setups and the experimental conditions are provided below).

### Behavioral setup {#s6}

For the behavioral screening, participants sat at a table facing the experimenter, and were asked to place both their intact and amputated arms in front of them at a distance of about 70 cm from each other. The intact arm was simply resting on the table, whereas the stump was covered by a plastic box with a front opening, so that it was out of view for the participant but accessible to the experimenter. A life-sized rubber hand was then placed on the table in full view, at a distance of about 20 cm from the stump toward the midline. The rubber hand always corresponded to the participants' amputated hand, so we used a female right hand for TA and a male left hand for LO. In addition, a cloth was placed so as to cover the participants' shoulder and part of the rubber forearm, to create the visual impression that the artificial hand was in direct continuation with the participants' arm. Stroking of the stump and the rubber hand was performed with two identical small brushes.

### fMRI setup {#s7}

For the fMRI experiment, participants laid in a supine position on the MRI table. Their head was tilted forward by approximately 30&deg;, which was obtained by slanting the head coil with a custom-made wooden wedge with an angle of 11&deg;, and by tilting the participants' heads by an additional 20&deg; using towels and foam pads. The purpose of the head tilt was to enable the participants to have a direct view of a small MR-compatible table of the size 42 &times;35 cm with an adjustable slope, which was attached to the sides of the MRI table and positioned above their waist. The participants' stump was supported with towels so that it was at the same height as the table in a comfortable position and completely relaxed. In addition, a thin vertical foam pad was positioned on the inside of the arm in order to create a little "wall" which occluded the view of the stump on the part of the participant. The rubber hand was then placed on the table, again displaced by about 20 cm toward the midline with respect to the stump as in the behavioral experiment. Similar to the behavioral setup, a cloth was placed so as to cover the participants' chest and part of the rubber forearm, to create the visual impression that the artificial hand was in direct continuation with the participants' arm. Stroking of the stump and the rubber hand was performed with two MR-compatible stroking rods. Recording of illusion onset times was obtained via a foot pedal operated by the participant, which was mounted on the lower end of the MRI table (as in [@R17]).

Experimental procedures and design {#s8}
----------------------------------

### Interview {#s9}

A detailed interview was conducted with both participants in order to document their medical history, the details of the accidents that led to their amputation, as well as their currently experienced phantom sensations (for a summary see [Table 1](#T1){ref-type="table"}).

### Stump mapping {#s10}

Prior to both the behavioral screening and the fMRI experiment, we performed a so-called "stump mapping" for each participant ([Figure 1](#F1){ref-type="fig"}). During this procedure, systematic touches were applied to the distal portion of the stump in order to determine the points giving rise to referred sensations in specific parts of the phantom hand or phantom fingers. For both participants, the point triggering the strongest referred sensations was then marked on the stump (for both TA and LO, it corresponded to the phantom thumb). This point was then used as a reference for the tactile stimulation during the RHI experiment.

![Stump mapping. For both participants, the point triggering referred sensations on the phantom thumb was marked on the stump. This point was then used as a reference for the tactile stimulation during the RHI experiment.](nncs20_407_f1){#F1}

### Behavioral screening {#s11}

The aim of the behavioral screening was to determine whether the participants would experience the RHI, that is, whether they would experience ownership of and*/*or referral of touch from the rubber hand, and therefore, be suitable candidates for the fMRi experiment. There were three experimental conditions, one illusion condition (*Synchronous*), and two control conditions (*Asynchronous* and *Incongruent*). During all three conditions, the experimenter simultaneously stroked the point of the participants' stump (which was out of view), evoking referred sensations on the phantom thumb, and the thumb of the rubber hand (which was in full view). During the Synchronous condition, the strokes were applied in temporal synchrony, that is, the participants visually perceived the strokes applied to the rubber hand at the exact same time as they perceived the referred sensations on their phantom hand. Such synchronous visuotactile stimulation has previously been shown to evoke ownership sensations of artificial hands in amputees ([@R16]). During the Asynchronous condition, the strokes were applied in temporal asynchrony, that is, the participants visually perceived the strokes applied to the rubber before they perceived the referred sensations on their phantom hand. As with healthy participants, this manipulation has been shown to reduce ownership sensations of artificial hands also in some amputees ([@R16]). During the Incongruent condition, the strokes were applied in temporal synchrony, but the rubber hand was rotated by 180&deg; so that its fingertips were facing toward the participant. This type of manipulation is known to abolish the RHI in healthy participants ([@R17], [@R49]), and we hypothesized that the same would be the case for amputees. For all three conditions, strokes were applied for 60 seconds with a frequency of approximately one stroke per second, and the stroke length was kept between one and two cm. The overall temporal stroking pattern was kept irregular in order to avoid expectations about the timing of the visuotactile stimulation events in the participants. Following each condition, participants were asked to fill out a questionnaire consisting of six statements aimed at capturing the subjective experience of the experimental effects. Three of them were "Illusion statements" aimed at capturing potential sensations of ownership and referral of touch, whereas the remaining three were "Control statements" aimed at capturing the participants' suggestibility and task compliance. The order of the questions was randomized for each condition, and participants were asked to affirm or deny each statement on a seven-point Likert scale (+3 = Strongly agree; − 3 = Strongly disagree) ([Figure 2](#F2){ref-type="fig"}).

![Questionnaire data. After each experimental condition, participants were administered a questionnaire consisting of six statements (Illusion statements 1--3; Control statements 4--6) aimed at capturing the subjective experience of the experimental effects. Participants were asked to affirm or deny each statement on a seven-point Likert scale (+3 =Strongly agree; −3 = Strongly disagree). Both participants confirmed experiencing the RHI in the Synchronous, but not in the Asynchronous and Incongruent condition.](nncs20_407_f2){#F2}

### fMRI experiment {#s12}

The fMRI experiment was performed on a separate day with respect to the behavioral screening. After being given a detailed explanation about the procedure of the fMRI experiment, the participants were set up on the MRI table as described above. We then performed a test stroking session to ensure that they would still experience the RHI in the context of the fMRI setup, and had them practice pressing the foot pedal. Specifically, the participants were instructed that in the Synchronous trials, they had to press the foot pedal as soon as they began to experience the illusion, so that we could take their response as an indicator for the illusion onset time. In addition, for each of the Asynchronous and Incongruent trials, they were told to press the foot pedal as soon as they heard a beep tone, the timing of which was always matched to that of the response signaling the illusion onset during the previous Synchronous trial. This was done in order to keep the task demands equivalent across the experimental conditions. Participants were then moved inside the scanner to begin the actual experiment. Both participants completed three runs, with a duration of 12 minutes each. During each run, there were three trials of each experimental condition with a duration of 60 seconds each, for a total of nine Synchronous, nine Asynchronous, and nine Incongruent trials. Each of the three experimental runs had to begin with a Synchronous trial, so that the illusion onset time of that trial could then be used as reference for the timing of the beep tone during the first Asynchronous and Incongruent trials. The order of the remaining trials of each run was then randomized. In addition, after every third trial, there was a 20-second rest period which was used as baseline. Throughout the experiment, both the participants and the experimenter received instructions via separate sets of MR-compatible headphones. The outline of the trials was as follows: Each trial began with an instruction for the experimenter announcing the type of trial to be performed (i.e., "Synchronous", "Asynchronous", or "Incongruent"). This was followed by a 10-second preparation period, during which the experimenter had time to make the necessary adjustments for the specific trial, e.g., rotate the hand for Incongruent trials, etc. At the end of this period, the participant received the foot pedal instructions (i.e., "Press the foot pedal when you feel the illusion" for the Synchronous trials; "Press the foot pedal when you hear the beep tone" for the Asynchronous and Incongruent trials). Then the stroking session began, and the experimenter applied the strokes by following the exact timing of a metronome which she listened to via the headphones. This ensured that the number of strokes (45 strokes for each 60-second period) was kept consistent across the experimental conditions and across the two participants. Stroking was always continued for the entirety of the 60-second period, irrespective of the timing of the foot pedal press.

### Preprocessing and statistical analysis of fMRI data {#s13}

We analyzed our data using a general linear model (GLM), and defined seven independent conditions of interest. For each of the three experimental conditions, we separately modeled the time period before the foot pedal press (i.e., Synchronous^pre^, Asynchronous^pre^, and Incongruent^pre^), and the time period after the foot pedal press (i.e. Synchronous^post^, Asynchronous^post^, and Incongruent^post^). The average illusion onset time was 9 seconds for TA (Range: 9--21 seconds) and 11 seconds for LO (Range: 5--22 seconds), which is in agreement with previously published onset times for healthy individuals ([@R17]; [@R32]). In addition, we defined a baseline condition (Rest), consisting of all 20-second rest periods following each third experimental trial. All foot pedal responses, as well as the motion parameter estimates generated during the preprocessing, were modeled as regressors of no interest.

The main focus of our analyses was to test the hypothesis that the illusory ownership of an artificial hand in amputees would be reflected by activity in premotor and intraparietal areas, as has been previously documented in healthy individuals ([@R3]; [@R17], [@R15]; [@R18]). In addition, we were interested in documenting any illusion-related activity in the cerebellum as well as inferior parietal areas, which are known to be involved in the processing of proprioceptive signals ([@R37]) and multisensory processing ([@R23]). In order to test these hypotheses, we designed a contrast that allowed us to examine which brain areas would show a significantly higher BOLD response during the Synchronous condition as compared to the Control conditions. That is, we performed a direct comparison of the activation elicited in the Synchronous condition following the illusion onset (i.e., post foot pedal press), with the average activation elicited in the Control conditions during the same time frame \[(Synchronous^post^) -- (Asynchronous^post^ + Incongruent^post^)\]. Hence, we looked for activity associated with the illusion condition that cannot be simply accounted for by the effects of viewing a hand in a congruent position and feeling synchronous brushstrokes. Given the hypothesis-based individual case approach of our study, we report all activations that were significant at *p* \< .001 uncorrected. For brain regions that we had strong anatomical hypotheses for, (i.e., premotor cortex, intraparietal cortex, and cerebellum---[@R17]), we also report additional clusters that were significant at *p* .01 uncorrected. For all activations reported in the figures and table, we confirmed that there was stronger activity in the Synchronous^post^ condition compared to the baseline rest period, thereby excluding the possibility that the activations were simply produced by a deactivation in one or more of the control conditions. Our decision to report uncorrected statistics, which as stated above was based on the fact that we had only two participants as well as restricted scanning time, makes our approach descriptive in nature. Nevertheless, we reasoned that observing activity in the key set of hypothesized areas in both participants would constitute encouraging pilot evidence for the fact that amputees can experience the rubber and illusion and that they do so by engaging similar multisensory mechanisms as healthy individuals.

RESULTS {#s14}
=======

Behavioral screening {#s15}
--------------------

As mentioned above, the aim of the behavioral screening was to determine whether the participants would experience the RHI. Participants were subjected to each of the experimental conditions once, and at the end of each stroking session, they were asked to rate the six questionnaire statements. The ratings for both participants are depicted in [Figure 2](#F2){ref-type="fig"}. As can be clearly seen from the graphs, both TA and LO affirmed experiencing the RHI in the Synchronous but not in the Asynchronous and Incongruent conditions. That is, both participants affirmed the illusion statements (statements 1--3) in the Synchronous condition (by giving them a rating of +1 or higher), but not in the two control conditions (by giving a rating of −1 or lower). The reliability of the results is further strengthened by the fact the both participants did not affirm any of the three control statements (statements 4--6) in either of the conditions. On the basis of this result, we then proceeded with the fMRI experiment, adopting the Synchronous condition as illusion condition and the Asynchronous and Incongruent conditions as control conditions.

fMRI experiment {#s16}
---------------

As hypothesized, in both participants, we found significant activation in the premotor cortex ([Figure 3a](#F3){ref-type="fig"}) as well as intraparietal cortex ([Figure 3b](#F3){ref-type="fig"}). Specifically, for TA, we found activation in the contralateral dorsal premotor cortex (PMd), and the depth of the contralateral intraparietal sulcus. For LO, we found activation in the contralateral PMd as well as ventral premotor cortex (PMv), and again in the contralateral intraparietal sulcus, where three adjacent clusters could be identified (see [Figure 3b](#F3){ref-type="fig"}). Furthermore, for both participants, we found bilateral cerebellar activation, as well as significant clusters in inferior parietal cortex with peaks in the supramarginal gyrus (TA) and angular gyrus (LO). An additional activation of interest for LO included the contralateral occipitotemporal cortex, possibly corresponding to what has been previously defined as the extrastriate body area (EBA) ([@R12]). For details of these activations see [Table 2](#T2){ref-type="table"}.

![Activation associated with the Synchronous condition compared to the Control conditions. The figure depicts activation in (a) premotor and (b) intraparietal areas reflecting a significantly higher BOLD activation in the Synchronous condition compared to the Control conditions. The activation maps correspond to a direct comparison of the activation elicited in the Synchronous condition following the illusion onset (i.e., post foot pedal press), with the average activation elicited in the Control conditions during the same time frame \[(Synchronous^post^) -- (Asynchronous^post^ + Incongruent^post^)\]. The activation maps are displayed on either sagittal or axial slices of the mean high-resolution structural scan of each participant. The plots on the right of each activation map show the corresponding parameter estimates for each condition compared to rest, i.e., (Synchronous^post^ -- Rest) etc. Parameter estimates were calculated on the peak voxel of each respective cluster (xyz coordinates in MNI space are shown in the heading of each plot). The error bars denote SEs. The threshold for the activation maps was set at *p* \< .001 or *p* \< .01 uncorrected--- see [Table 2](#T2){ref-type="table"} for details.](nncs20_407_f3){#F3}

###### 

Key areas displaying significant activation related to the experience of the RHI. For each contrast, the table displays the details of significant activation clusters found in each participant. Specifically, it shows the anatomical region, the peak *xyz* coordinates in MNI space, and the corresponding peak t values. The basic threshold for the calculation of significant clusters was set at *p* \< .001 uncorrected. Additionally, reported clusters in regions that we had strong anatomical hypotheses for and that were significant at a threshold of \<.01 are marked with &deg;

  Synchronous (post) -- Control (post)                     Peak xyz         Peak t[∗](#T2-FN1){ref-type="table-fn"}   Cluster size
  -------------------------------------------------- ----- ---------- ----- ----------------------------------------- --------------
  *TA*                                                                                                                
  L Precentral Sulcus (PMd)                          -62   -8         46    4.93                                      17
  L Intraparietal Sulcus                             -46   -44        50    3.21                                      30
  L Inferior Parietal Cortex (Supramarginal Gyrus)   -58   -42        28    5.51                                      57
  Medial Cerebellum                                  0     -76        -30   3.62                                      71
  L Cerebellum                                       -52   -68        -30   4.56                                      23
  R Cerebellum                                       46    -60        -34   4.50                                      145
  *LO*                                                                                                                
  R Precentral Gyrus (PMd)                           46    -2         60    3.65                                      4
  R Precentral Sulcus (PMv)                          62    -8         14    2.95[°](#T2-FN2){ref-type="table-fn"}     41
  R Intraparietal Sulcus                             46    -54        52    3.59                                      23
                                                     50    -40        50    2.95[°](#T2-FN2){ref-type="table-fn"}     33
                                                     28    -58        48    2.58[°](#T2-FN2){ref-type="table-fn"}     27
  L Inferior Parietal Cortex (Angular Gyrus)         -60   -58        28    3.29[°](#T2-FN2){ref-type="table-fn"}     58
  R Lateral Occipitotemporal Cortex                  38    -62        -18   4.77                                      75
  L Cerebellum                                       -26   -42        -22   3.37[°](#T2-FN2){ref-type="table-fn"}     122
  R Cerebellum                                       24    -58        -38   3.37                                      14

*Note: p* \<.001 uncorrected.

*p* \< .01 uncorrected.

DISCUSSION {#s17}
==========

In the current study, we used fMRI to explore the neural correlates of the RHI in two upper limb amputees. In line with our hypothesis, in both particpants, the experience of the RHI was associated with premotor and intraparietal activity. In addition, we documented cerebellar as well as inferior parietal activation. These observations are interesting as they provide the first preliminary BOLD evidence for the fact that the rubber hand illusion can be induced in amputees. In addition, our study outlines an experimental procedure that can be used in future large-group imaging studies with this patient population. We will now discuss our findings in more detail.

The observed activation of premotor and intraparietal areas specific to the illusion condition is consistent with previous studies investigating the neural mechanisms underlying the RHI ([@R3]; [@R7]; [@R17], [@R15]) as well as the illusory ownership of an entire artificial body ([@R41]) in healthy populations. Since self-attribution of a body part or an entire body is heavily reliant on a match between the visual and tactile signals originating from it ([@R6]; [@R42]; [@R14]), it has been proposed that the contribution of these areas is primarily of multisensory nature. That is, neuronal populations in these areas seem to be responsible for the binding of synchronous visuotactile events relating to a body part or body that is seen from a first-person perspective, with a consequent arising of ownership sensations ([@R17]). This interpretation is supported by findings of studies with non-human primates revealing that both premotor and intraparietal areas contain neurons that integrate visual, tactile, and proprioceptive information in body part-centered reference frames ([@R2]; [@R19]; [@R24]).

We would like to note that the most significant premotor activation peaks of our two participants were in the more dorsal portions of the premotor cortex with respect to the peaks reported in previous RHI studies with healthy participants ([@R3]; [@R17]). Whether this observation was merely specific to our two participants, or whether it might be found in other amputees as well, remains an open question. In any case, we did note activation of the ventral premotor cortex in one of the participants, and the observed the observed dorsal premotor activity is also very likely to reflect multisensory processing as there is evidence from both primate ([@R20]; [@R25]) as well as human ([@R8]; [@R23]) studies that this portion also contains multisensory neurons and is involved in hand-centered visuotactile integration.

In addition to premotor and intraparietal activity, in both participants, we also observed bilateral cerebellar activation. This is also consistent with previous observations on the rubber hand illusion in healthy participants ([@R17], [@R15]), and it is possible to reflect the processing of proprioceptive signals from the limb and the visually driven recalibration of limb position sense ([@R26]; [@R37]). In fact, in both healthy participants and amputees, the RHI has been shown to cause a shift in the felt position of one\'s own limb ([@R16]; [@R49]). Furthermore, in healthy participants, it has been found to influence reaching movements ([@R55]). The observed activations in the lateral cerebellar hemispheres were located posterior to the classical "motor" sections of the anterior cerebellar hemispheres. While the anterior regions of the cerebellum are connected to the primary motor cortices, these more posterior regions are known to be connected to premotor and posterior parietal cortices ([@R9]; [@R10]; [@R13]; [@R39]). The co-activation of posterior regions of the cerebellum in combination with the premotor and intraparietal cortices in both participants provides thus a rather compelling pilot fMRI evidence for the fact that amputees can experience the rubber hand illusion.

We also noted activations in some further regions that we would like to comment on. First, in both participants, we observed activity in the inferior posterior parietal cortex, with significant peaks of activation located in the supramarginal gyrus (TA) and angular gyrus (LO), respectively. These regions represent important nodes in a network encompassing premotor, parietal, insular, and extrastriate visual areas involved in the perception of the own body ([@R4]). In fact, lesions to the inferior parietal cortex can result in a variety of body representation deficits, for example, in the inability to localize one\'s own body parts (i.e., autotopagnosia) ([@R11]). Moreover, the supramarginal gyrus is a known site of multisensory convergence and visuotactile integration in particular in relation to the hand ([@R23]), and has been shown to be active during more complex somatosensory illusions that involve a perceived movement of the hand and hand--object interaction ([@R36]). Similarly, the angular gyrus has been shown to be involved in complex somatosensory illusions ([@R5]). The current pilot data from the two participants do not allow us to make any specific inferences about the potential involvement of the inferior parietal cortex in mechanisms producing the rubber hand illusion in amputees. However, they support the formulation of the interesting hypothesis that in this population, the illusion may represent a more dramatic change to the body representation (due to the nature of telescoped phantoms and the more drastic change in the visual appearance of the limb), which in turn might speculatively require additional processing in inferior parietal areas with respect to healthy individuals.

Lastly, for LO, we observed additional activation in a region of the occipitotemporal cortex, consistent with the EBA. Known for its general response selectivity for visually presented bodies and body parts ([@R12]; but see [@R52] for a critical review), the right EBA in particular has been found to differentially respond to pictures of body parts that are presented on a computer screen from a first-vs. a third-person perspective, and hence proposed to be involved in the discrimination of own body parts ([@R44]). Previous studies on the rubber hand illusion ([@R17]) and the full-body version of this illusion ([@R41]), have observed activations in similar locations of the extrastriate cortex. Specifically, during these illusions, the activation was stronger for hands or entire bodies viewed from a first-person perspective. It can therefore be speculated that the occipitotemporal activation observed in our study might correspond to the EBA, in which case its activation might have been driven by viewing the rubber hand in a congruent position, and additionally strengthened during the illusion condition when the hand was actually perceived as belonging to oneself.

Albeit preliminary, the findings of our study are interesting from both a theoretical and clinical point of view. From a theoretical perspective, they provide the first demonstration that the illusory ownership of an artificial hand in amputees is driven by activity in the same multisensory brain regions as in healthy individuals. This implies that even years after the amputation, a few seconds of synchronous visuotactile stimulation are sufficient to activate hand-centered multisensory integration mechanisms. On a more general level, it also underlines the remarkable robustness of the RHI in the context of a perceived substantial change to the body configuration. In fact, as opposed to healthy participants, amputees are missing their real hand. Hence, in order for the RHI to be experienced, the amputees' brain has to allow for a greater change to the body representation than in healthy individuals. First of all, it has to override the prior visual experience of the hand no longer being there. Second, in amputees with telescoped phantoms as the ones in our study, it has to accommodate a larger shift in perceived hand position as compared to limbed individuals. That is, the RHI does not merely represent a recalibration of the felt position of the phantom toward the midline, but also toward a more distal point with respect to the stump. We have previously demonstrated this malleability of the perceived position of telescoped phantom limbs following visuotactile stimulation in the context of a full-body illusion ([@R45]). In sum, in amputees, the recalibration of the central body representation has to result in the perceptual fusion of the phantom hand and the rubber hand into a single physical hand that is a part of their own body. In order for this to occur, it is critical to stimulate according to an exact match between the point on the stump that evokes referred sensations in the phantom hand, and the corresponding point on the artificial hand.

From a clinical perspective, our findings underline the importance of sensory feedback from prosthetic limbs, by highlighting how it can facilitate ownership sensations. There is no doubt that technically more advanced techniques such as targeted reinnervation or direct stimulation of nerve fibers are necessary to provide the user with a more fine-tuned spectrum of somatic sensations. However, our observations suggest that in the context of congruent visual feedback, a very basic sensation of touch from an artificial hand can be obtained by simple but precisely targeted stimulation to even just a single point of the stump that triggers referred sensations. Such a mechanism could be easily implemented in prosthetic hands with an array of devices that connect sensors attached to a specific part of the artificial hand to stimulators attached to the corresponding part of the user\'s stump. So in a nutshell, the idea would be that each time the specific part of the prosthetic hand gets in contact with a surface or touches an object, this would trigger an immediate tactile stimulation on the stump, which in turn would trigger ownership sensations of the hand provided that the user would look at the hand at the same time (see [@R1] for an example of a prototype tactile stump stimulation display). Of course, for clinical use, it would be ideal to be able to maintain a sense of ownership even while the user is not directly looking at the hand, as well as during temporary absence of tactile stimulation. Whether ownership sensations could temporarily be maintained even during the absence of either one type of stimulation through prolonged and repeated training, remains an open question. In any case however, the fact that ownership sensations can arise after only a few seconds of stimulations indicates that even if they vanished, they could be easily resurrected at any stage.

Lastly, consistently perceived ownership sensations can be expected to facilitate the general acceptance of the prosthesis and consequently positively influence the overall well-being of the amputee ([@R22]). In fact, a prostheses providing the user not only with a cosmetic reconstitution of the lost limb but also with a more realistic experience of it, might support the restoring of a coherent feeling of the own body and in turn, the psychological and emotional adjustment to the amputation. Hence, our study highlights how principles stemming from research on body representation in healthy individuals can contribute to the understanding of the cognitive and neural mechanisms underlying body representation in amputees, the development of new prosthetic devices, as well as the implementation of clinical management strategies.

[^1]: Many thanks to TA and LO for their participation in this study, to Maria Nilseryd and Anita Stockselius for their help with the recruitment of the participants and assistance with the behavioral screening, and to the clinical staff at the MR-center of Karolinska Hospital Huddinge for their assistance with the medical screening and scanning. This work was funded by the European Research Council, the James S. McDonnell Foundation, the Söderberska Stiftelsen, the Swedish Foundation for Strategic Research, and the Swedish Research Council. A.K. is a member of the Stockholm Brain Research School.
